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Introduction
The presence of fluoride in water has both beneficial and detrimental implications on human health depending on concentrations. At concentrations below 1 mg L -1 fluoride helps in prevention of dental caries and development of bones particularly for children below the age of 10.
1,2 Conversely, at concentrations above the World Health Organization (WHO) permissible limit of 1.5 mg L -1 fluoride is linked to dental and skeletal fluorosis. 3 Fluorosis is an incurable disease and it is now regarded as a global health problem with countries such as India, China, Mexico, Pakistan, Ethiopia and Egypt largely affected. 4, 5 Defluoridation is the viable option for areas that have groundwater containing fluoride concentration greater than World Health Organization standard of 1.5 mg L -1 . 3 Several authors have identified adsorption as suitable method for defluoridation in rural areas because it uses materials that are available at little or no cost and it is easy to operate. 6, 7 Furthermore, adsorption has proved to be the sustainable method since it uses materials that can be regenerated. Some authors have also identified number of promising adsorbent including acid-activated kaolinite clay soils, 8 La 3+ -modified bentonite, 9 organosmectite, 10 smectite-rich clay soils, 11 Al/Fe oxide-coated diatomaceous earth, 12 mixed Mukondeni clay soils, 13 and MnO 2 -coated bentonite clay. 14 Clay minerals are promising materials for defluoridation of groundwater due to their abundance and cost-effectiveness. Nonetheless, clays have good adsorptive properties such as: larger chemically active surface area, higher cation exchange capacity as well as chemical and mechanical stability. Bentonite clay belongs to the class of alumino-silicates. It has a permanent negative charge caused by the isomorphous substitution of Al 3+ for Si 4+ in the tetrahedral layer and Mg 2+ for Al 3+ in the octahedral layer. 15 The negatively charged surface allows bentonite to weakly adsorb anionic pollutants. This is due to repulsion forces between the anions and the permanent negative charge on the edge of the bentonite sheet. The clay can be modified to improve its binding capacity for the anions. Bentonite clay modified with Mg 2+ , Fe 3+ and Al 3+ have been observed to provide improved fluoride adsorption capacity. [16] [17] [18] Mn 2+ is a high charge density polycation that is stable at extreme pH levels and its use in defluoridation has not been exploited. This study aimed at evaluating the applicability of Mn 2+ -modified bentonite clay in defluoridation of groundwater. Physicochemical properties of the raw and modified bentonite clay were also evaluated. The adsorption data were modelled through the pseudo-reaction kinetics models, intra-particle diffusion model and Langmuir adsorption isotherm model. The chemical stability of the adsorbent was also evaluated.
Experimental

Sample Preparation
Raw 
Synthesis of Mn
2+ Bentonite Clay Raw bentonite clay was soaked in Milli-Q water at a ratio of 1:5 in a 1000 mL beaker, the mixture was stirred for 5 min and the procedure was repeated twice. Samples were then dried in an oven for 12 h at 110°C and then milled to pass through <250 µm sieve. To synthesize Mn 2+ -modified bentonite, 200 mL of 50 mg L -1 Mn 2+ solution was mixed with 8 g of raw bentonite in 1 L Erlenmeyer flask, the pH of the mixture was then adjusted to 8 using 0.1 M NaOH and 0.1 M HCl. The mixture was agitated for 60 min at 250 rpm on a Stuart reciprocating table shaker (SSL2, UK) and filtered through 0.45 µm filter membrane. The solid residues were dried for 12 h. at 110°C in the oven. The modified clay was then milled to pass through <250 µm sieve. The experiments were repeated five times to generate enough Mn 2+ -modified bentonite for subsequent experiments.
Physicochemical and Mineralogical Characterization of Mn
2+ -modified Bentonite The mineralogical composition of Mn 2+ bentonite clay was examined using D8 advance X-ray diffractometer (XRD) (Bruker, Germany) and Cu-Ka radiation source. The pore size distribution, pore volume, and pore diameter were determined by Barrett Joyner Halenda (BJH) sorption model using a specific surface area analyzer (Autosorb-iQ & Quadrasorb SI, USA). Nitrogen adsorption-desorption isotherms were used to determine specific surface area of the adsorbent according to Brunauer Emmett Teller (BET) model. Cation exchange capacity was determined using ammonium acetate buffer at pH 5.4 and 7.4 as described by Gitari et al. 17 The surface charge and point of zero charge was determined using solid addition method as described by Kumar et al. 19 
Batch Defluoridation Experiments
Batch experiments were conducted to examine the effect of contact time at various adsorbent dosages, the effect of pH and leaching of chemical species from the adsorbent during adsorption of F -. The effect of contact time was evaluated by varying contact time from 5 to 270 min at 0.1, 0.3 and 0.5 g 100 mL -1 adsorbent dosage. To evaluate the adsorption isotherms at various contact times, initial concentration was varied from 3 to 25 mg L -1 , 1 g 100 mg -1 adsorbent dosage was used. To evaluate the effect of pH, initial pH of the F -solution was adjusted from 4 to 12 using 0.1 M NaOH and 0.1 M HCl. The metal leaching and chemical stability assessment of the adsorbent was conducted by analyzing concentration of metals in the filtrates obtained from effect of pH experiment using Inductively Coupled PlasmaMass Spectrometer (Agilent 7900 ICP-MS, US). All mixtures were agitated for 30 min except for the effect of contact time. After agitation samples were filtered through 0.45 µm pore membrane. The residual fluoride concentration in the treated samples was measured using an ion selective electrode 9609 BNWP Orion (USA) attached to Thermo Scientific Orion Star ISE/pH/EC meter. Similar meter was used to measure the pH. For residual fluoride, ion selective electrode was calibrated with four standards containing 1 mL of TISAB III per 10 mL of solution. The same ratio was maintained for the sample. All experiments were conducted in triplicate for better accuracy and the mean values were reported. Equations 1 and 2 were used to calculate the percentage removal and adsorption capacity, respectively.
where C o is initial fluoride ion concentration and C e is equilibrium fluoride ion concentration.
where Q =adsorption capacity (mg g Figure 1 present the XRD spectra of raw and Mn 2+ -modified bentonite clay. No significant change was observed in the XRD spectra of the bentonite after modification. However, a slight decrease in the montmorillonite peak was observed. Quantitative XRD analysis results indicated montmorillonite (i.e. 70.24 %) and quartz (i.e. 21.24 %) as the major minerals. Nevertheless, muscovite (i.e. 
Results and Discussion
Physicochemical and Mineralogical Characterization
Mineralogical Composition
Cation Exchange Capacity (CEC)
The results of CEC are presented in Table 1 . Cation exchange capacity for raw bentonite was found to be higher than the CEC of Mn 2+ -modified bentonite. pH of the buffering media does not seem to have significant influence on the exchangeable cation concentration and CEC. Similar results on CEC have been reported by Gitari et al. ions. The average pore diameter of raw bentonite is relatively higher when compared to that of Mn 2+ -modified bentonite clay (Table 1 ). This suggests that Mn 2+ ions were incorporated onto the surface of the raw clay, including adsorption on the edges. Figure 3 depicts pore distribution curve of raw and Mn 2+ -modified bentonite. It is observed that majority of the pores lies within 2 nm and 50 nm indicating that both raw and Mn 2+ -modified bentonite are mesoporous in nature. Figure 4 depicts the relationship between contact time and percentage F -removal. It is evident that F -removal was rapid during the first 30 min of the experiment where optimum uptake of F -was achieved. Thereafter, slight change in the percentage F -removal was observed which indicate that the adsorbent was RESEARCH ARTICLE getting saturated and system has reached equilibrium. The increase in F -removal is attributed to the availability of sorption sites in the adsorbent. The similar trend was observed at both adsorbent dosages and the percentage F -removal was increasing with adsorbent dosage. Contact time of 30 min was taken as the optimum time and was applied in subsequent experiments.
Batch Experiments
Effect of Contact Time and Adsorption Kinetics
Pseudo-first and second-order reaction based models were employed to determine the rate limiting steps of fluoride adsorption onto Mn 2+ -modified bentonite as well as the potential rate controlling steps. The pseudo first order is shown in the Equation 3 and it is used to describe liquid-solid phase adsorption systems, and it is the earliest known kinetic model describing the adsorption rate based on the adsorption capacity. 20 log(q e -q t ) = log(q ek t ad 2 303 .
Pseudo second order is shown in the linear Equation 4 and it is used to describe chemisorption, as well as cation exchange reactions. 
where q e and q t (both in mg g -1 ) are the amount adsorbed per unit mass at a time, t (in min). K ad and K 2ads are first-and secondorder rate constant (g mg -1 min -1 ). The value of K ad is determined from the slope and intercepts of log (q e -q t ) vs. t (min) and the value of K 2ads is determined from the slope and intercepts of t/q t vs. q e. Adsorption of fluoride ion onto Mn 2+ bentonite did not follow the pseudo-first-order process since it did not yield a straight line (figure no presented). Figure 5 shows the plot of t/q with time which indicate high correlation coefficient at both adsorbent doses. This implies that fluoride sorption onto Mn 2+ -modified bentonite clay followed pseudo second order and is chemisorption. The constant values of pseudo first and second order are presented in Table 2 .
During the process of fluoride adsorption, fluoride ions also diffuses into the interior of the adsorbent. Intra-particle diffusion model based on the hypothesis proposed by Weber Morris was tested to identify the diffusion mechanism. 21 The linear equation of the intra-particle diffusion is given by the Equation 5 below. where q t is the amount adsorbed (mg g -1 ) at a given time t (min), K i (mg g -1 min -1 ) is the intra particle diffusion rate constant and it is determined from the slope of t 0.5 vs. q t . This indicates that if the plot of q t against t 0.5 gives straight line passing through the origin, then the adsorption is solely controlled by intra-particle diffusion, while a bilinear plot indicates that adsorption occurred via film and intra-particle diffusion mechanism.
1 Figure 6 shows the plot of intra-particle diffusion model. Adsorption of fluoride onto Mn 2+ bentonite showed bilinear plot with the initial plot (phase 1) indicating external diffusion and the second plot (Phase 2) indicates intra-particle diffusion. The intra-particle rate constants K i1 and K i2 obtained from the plot are shown in Table 3 . At both adsorbent dosages, K i1 value is greater than the K i2 value, indicating that the initial step is faster than the final step where equilibrium was established. Furthermore, the K i1 value increases with increasing adsorbent dosage. This could be attributed to difference in the rate of mass transfer in the initial and final stages of adsorption. This observed trend is connected to a mechanism consisting of an external mass transfer followed by diffusion into micro-and mesoporous surfaces. In conclusion, fluoride adsorption onto Mn 2+ -modified bentonite is a complex process involving external and internal diffusion of F -ions. Figure 7 shows the effect of adsorbate concentration on the percentage fluoride removal at various contact times. It is observed that the percentage F -removal decreased with an increase in the initial concentration. Similar trend was observed at all the contact times. This could be due to availability of more fluoride ions in the solution at higher adsorbate concentration. Besides, it could also indicate that fluoride binding sites of the adsorbent was getting exhausted.
Adsorption Isotherms
Langmuir isotherm was used to describe the data (Langmuir; 1997). It is applicable to homogeneous adsorption where adsorption process has equal activation energy. It is assumed that the RESEARCH ARTICLE Langmuir constants are presented in Table 4 and the Langmuir plots are shown in Fig. 8 . Furthermore, to reveal the feasibility of Langmuir adsorption isotherm, the dimensionless parameter of the equilibrium or adsorption intensity (R L ) was used for further analysis of Langmuir equation. The values of R L were calculated using Equation 7:
where C o is the initial concentration (mg L -1 ) and b is the Langmuir constant (L mg -1 ).
The value of R L less than 1 generally indicate favourable adsorption while greater than 1 indicate unfavourable adsorption. Figure 9 shows calculated R L values which ranged between 0 and 1 indicating adsorption process was favourable at room temperature for all the adsorbate concentrations tested. Figure 10 shows the effect of initial pH on percentage fluoride removal. The removal of F -removal decreases from 75.2 to 24.33 % at pH 4 and pH 6, respectively. Thereafter, the F -removal increased to 30 % at pH 10 and this was followed by significant decrease at pH greater than 10. This observed trend could be due to the abundance of OH -ions in alkaline pH that compete with F -for adsorption sites. The equilibrium pH at initial pH of 4 was found to be 8.96 which is suitable for human consumption. The pHpzc of the Mn 2+ -modified bentonite was found to be at pH 8.8. Therefore, at pH <8.8 the surface of the clay will be RESEARCH ARTICLE ., 2018, 71, 15-23 , <http://journals.sabinet.co.za/content/journal/chem/>. positively charged (Equation 8 ) and at pH > 8.8 the surface of the adsorbent will be negatively charged. At pH less than the pHpzc, fluoride was removed through electrostatic attraction mechanism (Equations 9 & 10), whereas at moderate pH, fluoride adsorption occurs through ion exchange (Equation 11). At pH higher than the pHpzc where the surface of the clay is negatively charged fluoride adsorption also occurs through ion exchange mechanism (Equation 12).
Effect of pH and Fluoride Removal Mechanism
where º M represent metal in the adsorbent surface (Mn, Si and Al) Fig. 11a,b . From the results, it is observed that the concentration of Na + was very high at both pH levels. This could be attributed to the use of NaOH for pH adjustment. High Si 4+ and Al 3+ concentration was observed at higher pH levels. This observed trend could have been influenced by chemical dissolution of silica at higher pH. Metals such as Mn 2+ , Fe 2+ , Al 3+ and Cu 2+ were released at minor concentrations and were found to be within the SANS permissible limits. 20 The final F -concentration in the solution at pH 4, 6, 8, 10 and 12 were found to be 1.26, 2.27, 2.19, 2.12 and 3.95 mg L -1 , respectively. Table 5 shows the comparison between concentration of metal species in treated water and the SANS-241 permissible limits. Therefore, based on the obtained data, Mn 2+ -modified bentonite is a promising material for defluoridation of groundwater since it does not give rise to secondary pollutants in the treated water. -modified bentonite clays which exhibited highest adsorption capacity at pH 2, Mn 2+ bentonite exhibited its maximum adsorption capacity at initial pH 4.
Leaching Assessment of the Mn 2+ -modified Bentonite
Concentrations of chemical species leached are shown in
Comparison with Other Adsorbent
Conclusions
The physicochemical properties and fluoride removal efficiency of Mn 2+ -modified bentonite were successfully evaluated.
RESEARCH ARTICLE The mineralogical characterization results by XRD showed that modification of bentonite clay by Mn 2+ polycations does not alter the parent mineralogy of the clay. However, it decreases the content of the major minerals. The modified bentonite showed higher surface area and pHpzc compared to the raw bentonite clay. Conversely, the CEC decreased after modification by Mn 2+ . A maximum of 75.2 % F -removal was achieved from the initial 5 mg L -1 using 1 g 100 mL -1 adsorbent dosage at a contact time of bentonite occurred through electrostatic attraction and ion exchange adsorption mechanism at lower and higher pH levels, respectively. Leaching assessment showed that the released chemical species from the adsorbent at various pH levels fall within SANS-241 permissible limits. The results proved that Mn 2+ bentonite has the potential for use in fluoride removal in areas where groundwater has maximum fluoride concentration of 3 mg L -1 .
